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Inelastic x-ray scattering with meV en-
ergy resolution (IXS) is an ideal tool to
measure collective excitations in solids and
liquids. In non-resonant scattering condi-
tion, the cross section is strongly dominated
by lattice vibrations (phonons). How-
ever, it is possible to probe additional de-
grees of freedom such as magnetic fluc-
tuations that are strongly coupled to the
phonons. The IXS spectrum of the coupled
system will contain not only the phonon
dispersion (majority component) but also
the so far undetected magnetic correlation
function (minority component). Here we
report the discovery of strong magnon–
phonon coupling in LiCrO2 that enables
the measurement of magnetic correlations
throughout the Brillouin-zone via IXS. We
found electromagnon excitations and elec-
tric dipole active two-magnon excitations
in the magnetically ordered phase and
paraelectromagnons in the paramagnetic
phase of LiCrO2. We predict that the
numerous group of (frustrated) magnets
with dominant direct exchange and non-
collinear magnetism shows similarly strong
coupling and surprisingly large and mea-
surable IXS cross section for magnons and
multi-magnon processes.
The coupling between magnetic and lattice de-
grees of freedom gives rise to many interesting
effects. It can change the ground state proper-
ties of the system inducing multiferroic order with
ferroelectric polarisation coupled to the magnetic
structure1–3 or it can generate dynamic mixed
magnon–phonon excitations. If the magnon is
coupled to a polar phonon, the hybrid excitation
is called electromagnon.4–6 The interest in electro-
magnons lies in the fact that they enable control
of magnetic properties of a material at ultrafast
time scales via femtosecond light pulses.7 More-
over optical properties of magnetoelectric mate-
rials can be controlled via external DC magnetic
field.8,9 The electric field component of light at the
resonant frequency can excite and measure elec-
tromagnons only with zero momentum although
electromagnons disperse as a function momen-
tum. And as we shall show, maxima in the
magnon–phonon coupling can occur at finite mo-
menta inaccessible to zero momentum THz spec-
troscopy. Inelastic neutron scattering can also
identify the magnetic and phononic component
of an electromagnon excitation, however previ-
ous studies found only small energy shifts of the
magnons (majority component) due to magnon–
phonon coupling,10 while the minority compo-
nent could not be resolved so far. Here we show
that LiCrO2 is an exceptional material where
the magnon–phonon coupling is strong enough to
make the minority excitations accessible for in-
elastic x-ray scattering and thus enables the direct
measurement of the electromagnon dispersion.
LiCrO2 is an excellent realisation of the two-
dimensional S = 3/2 Heisenberg triangular lat-
tice antiferromagnet (TLA) model with only min-
imal corrections due to structure and symmetry,
see Fig. 1(a). Dzyaloshinskii-Moriya interactions
are forbidden on all bonds due to the space group
symmetry of R3m. Single ion anisotropy is ex-
pected to be small due to the octahedral coordi-
nation of the Cr3+ ion which have half-filled t2g
shells resulting in quenched orbital angular mo-
mentum. The interplane interactions are weak
due to the large separation of the triangular lay-
ers. LiCrO2 develops long range magnetic or-
der at TN = 61.2 K.
11 The magnetic structure
is an ac-plane helical order with wave vectors of
km = (1/3, 1/3, 0) and km = (−2/3, 1/3, 1/2).
The angles between neighbouring spins on the tri-
angular planes are exactly 120° and the chirality
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FIG. 1. Coupled magnon and phonon modes in LiCrO2 in real and reciprocal space. (a) A single
triangle of Cr3+ spins is shown with the surrounding O6 octahedra. Purple arrows depict the helical magnetic
structure (rotated into the ab-plane for better visibility), the phonon and phason amplitude at the K′-point is
shown by black and red arrows respectively. (b) Reciprocal space of the triangular lattice with black and dashed
hexagons denoting the magnetic and structural Brillouin zones. The upper-left and lower-right colour maps
show the phason energy and the g‖(k) value respectively (see text). Green and red dashed lines show the path of
the IXS and INS measurement, respectively. (c) Comparison of the measured phonon dispersion at 7 K and the
coupled magnon–phonon model along the (h, h, 0) direction. The colormap on the left half shows the calculated
IXS cross section in arbitrary units, while the filled green circles and blue squares with standard deviation denote
the measured quasiparticle energies using IXS and INS, respectively. The black dashed and red dashed lines
denote the magnon and longitudinal phonon dispersion of the uncoupled model, while the continuous black lines
correspond to the coupled dispersion. The empty red circles on the right half denote the eλ · g(k) factor that
determines the strength of the magnon–phonon coupling for each λ phonon mode. (d) Model calculation for
in-plane direction perpendicular to (h, h, 0).
is staggered along the c-axis as a result of the
double-Q structure.12 The magnetic order of a
single triangular unit in the ab-plane is shown in
Fig. 1(a). Although high resolution x-ray diffrac-
tion does not reveal any symmetry lowering at the
magnetic ordering temperature (see Supplemen-
tary Fig. S1), the staggered chirality implies the
appearance of a small symmetry breaking term in
the spin Hamiltonian below TN . The magnetic
interactions in the plane are dominated by di-
rect exchange.13 These interactions are sensitive
to the modulation of the bond length, similarly to
other Cr3+ compounds with short bonds such as
ZnCr2O4
14,15 and MgCr2O4
16. LiCrO2 further-
more shows a pronounced anomaly in the dielec-
tric constant at TN but no ferroelectric polarisa-
tion could be observed17 pointing towards an an-
tiferroelectric ground state induced by the stag-
gered chirality of the triangular layers.18,19
The IXS spectrum of LiCrO2 measured at room
temperature at Q = (1.5, 1.5, 0) shows three
phonon modes at energies of 30.8(4), 34.6(2) and
59.2(1) meV, see Fig. 2. The measured Q-point
is equivalent to the K ′ point of the Brillouin zone
shifted by (1, 1, 0), see Fig. 1(b). The lowest en-
ergy mode has an unusually large intrinsic width
of 6.8(5) meV (see Methods for details of the
data analysis). Upon cooling, the phonon spec-
trum goes through a dramatic change. The low-
est phonon peak looses almost all of its inten-
sity and a new resonance develops gradually below
10 meV. This new mode appears as a broad dif-
fuse scattering signal at 99 K, centred at about
8 meV. With decreasing temperature the peak
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FIG. 2. Temperature evolution of the measured
IXS spectra at the K′ point. Green dots denote
experimental data with standard deviation normalised
to the same monitor. Red, yellow, green and grey
filled areas are fitted electromagnon (EM), paraelec-
tromagnon (PEM), longitudinal acoustic (LA) and op-
tical phonon peaks (PH1, PH2), respectively. Light
grey area shows the FWHM of the elastic line. Red
lines are the theoretical spectrum of the coupled model
at 7 K and the pure phonon model at 295 K. Vertical
purple lines show the calculated quasiparticle energies.
becomes more pronounced accompanied with in-
creasing spectral weight and decreasing width. At
the lowest measured temperature of 7 K the peak
position is at 10.3(2) meV and it has a resolution
limited width. The sum of the spectral weight of
the lowest phonon mode and the low temperature
resonance is independent of temperature, showing
that the lowest energy phonon transfers most of
its spectral weight to the new mode upon cool-
ing (see Supplementary Fig. S5). The measured
room temperature phonon spectrum agrees well
with the phonon energies determined from ab ini-
tio calculations (see Methods) shown as vertical
purple lines in Fig. 2 and the calculated dispersion
reveals that the lowest energy observed phonon
is a longitudinal acoustic (LA) branch while the
two peaks at higher energy correspond to opti-
cal branches (PH1 and PH2). While the relative
spectral weight of the two upper modes is well re-
produced by the calculation, the intensity of the
LA phonon is strongly underestimated (see red
curve in Fig. 2). The calculated energy of the LA
phonon is 31.4 meV and its symmetry belongs to
the Eu polar representation.
To unambiguously identify the new low energy
mode of LiCrO2 we measured the excitation spec-
trum by inelastic neutron scattering (INS) along
the (h, 1−2h, 0) reciprocal space direction equiva-
lent to (h, h, 0) in the magnetic Brillouin zone, see
Supplementary Fig. S2. At the K point (equiva-
lent to K ′) a single spin wave excitation was found
in the helical phase at 1.5 K centred at 10.3(1)
meV. Since neutrons are sensitive to magnetic
fluctuations in the measured momentum range,
we can conclude that the low energy resonance at
T < TN has not only polar phononic but also mag-
netic character, thus it is an electromagnon with a
finite momentum. Moreover at intermediate tem-
peratures above TN we call the strongly damped
low energy excitation paraelectromagnon (PEM)
due to the lack of both magnetic and electric
dipole order. The observed PEM is the phonon
coupled excitation of the 2D correlated magnetic
ground state, which persists far above TN due to
the low dimensionality of the system.12,20,21
To determine the coupling mechanism that
drives the observed strong magnon–phonon mix-
ing, we measured IXS spectra at multiple points
along the (h, h, 0) reciprocal space direction at
T = 7 K and fitted the phonon energies. The
electromagnon spectrum is reported in Fig. 3(a-
i). Remarkably, the energy width of the electro-
magnon excitation increases substantially around
the magnetic Bragg point (M point). Since the
one magnon excitations are sharp at low tempera-
ture, the broad IXS peaks can be due to phonons
coupled to the two-magnon (2M) continuum as
it is broad for dispersive magnons. For compar-
ison we calculated the two-magnon spectrum for
the TLA22 with first and second neighbour an-
tiferromagnetic interactions J1 = 8.17 meV and
J2 = 0.556 meV, shown on Fig. 3(j) and a cut
at (1.292, 1.292, 0) in reciprocal space is shown
on Fig. 3(e). The two-magnon correlations are
strongest close to the M point and the centre of
the two-magnon spectral weight is expected to be
close to the one magnon energy. This explains
why the measured electromagnon spectrum con-
tinuously changes from a sharp one magnon - one
phonon mode to a phonon mixed with the two-
magnon continuum as its momentum gets closer
to the M point. In the following we model only
the single magnon–phonon spectrum.
The fitted peak positions of both the INS and
IXS data are presented in Fig. 1(c) together with
the model calculations, which will be explained in
the following. In general, helical magnetic struc-
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FIG. 3. IXS electromagnon spectrum measured at 7 K and two-magnon correlation function. (a-i)
Green dots denote experimental data with standard deviation along (h, h, 0) normalised to the same monitor after
the subtraction of the elastic peak. Red, yellow, green and grey filled areas are fitted electromagnon (EM), two-
magnon (2M), longitudinal acoustic (LA) and optical phonon peaks (PH1, PH2), respectively. Light grey area
shows the FWHM of the elastic line. The plots are scaled individually to enhance the visibility of the weak peaks.
The red line in (e) shows the theoretical two-magnon spectrum convoluted with the experimental resolution
function at Q = (1.292, 1.292, 0). The horizontal purple bar in (a) shows the FWHM of the instrumental
resolution function. (j) The absolute value of the two-magnon correlation function for the pure magnon model.
Green line denote the dispersion of the phason spin wave mode.
tures have three spin wave modes: a phason mode
with rotation of all spins in the ordering plane
and two canting modes correspond to spins cant-
ing away from the ordering plane. Strikingly our
measured electromagnon spectrum contains only
one of the three spin wave modes that accord-
ing to its dispersion corresponds to the phason
mode of the helical magnetic structure. Moreover
the two canting modes of the spin spiral are com-
pletely decoupled from the phonons. Besides, the
phason mode shows a roton like minimum at K ′.
Similar minima were previously observed in sev-
eral TLAs such as CuCrO2
23,24, α-Cr2O4
25 and
LuMnO3
26 pointing toward a general sensitivity
of the magnon energy at the K point to pertur-
bations such as further neighbour interaction or
magnon–phonon coupling.27 The electromagnon
in LiCrO2 has large IXS scattering cross section
at both the Γ and K ′ points.
The microscopic mechanism that couples the
5magnons and phonons in LiCrO2 is the symmet-
ric exchange striction (ES), since the antisym-
metric exchange is too weak being a relativistic
correction28. In the following we will show that
the measured electromagnon dispersion and IXS
cross section can be well described on a single tri-
angular layer assuming strong exchange striction
between first neighbour chromium atoms. We will
show that in non-collinear magnets ES gives a lin-
ear coupling between magnons and phonons thus
can generate a strong mixing (for a detailed de-
scription see Supplementary Materials). To quan-
titatively model the spectrum we propose the fol-
lowing Hamiltonian that couples spins to phonons,
taking into account the ideal isotropic nature of
the spins in LiCrO2:
H = J(r)
∑
m,n
Sm · Sn +HL, (1)
where J(r) is the Heisenberg exchange between
first neighbour spins as a function of the bond
length r, Sm is the spin vector operator on the
mth magnetic atom and HL is the Hamiltonian of
the lattice vibrations. To simplify Eq. 1, we keep
only the constant and linear term from the Taylor
expansion of J(r) around the r0 equilibrium bond
length. The constant term J1 describes the spin
wave dynamics in the absence of phonons, while
the linear coefficient Jmp gives the leading magnon
phonon coupling term:
Hmp = Jmp
∑
m,n
dˆmn · (um − un)Sm · Sn, (2)
where um is the displacement vector of atom m
and dˆmn is the unit bond vector pointing from
atom m to atom n. In the magnetically ordered
phase if the order is non-collinear Hmp linearly
couples the phonon and magnon bosonic opera-
tors aλ(k) and b(k). After applying the linear
Holstein-Primakoff approximation and using a ro-
tating coordinate system for the spins22,29,30 the
equation simplifies to:
Hmp = i
∑
k,λ
γλ(k)aλ(k)
(
b†(k)− b(−k))+ h.c.,
(3)
where λ indexes the phonon modes. The coupling
term γλ(k) is given by:
γλ(k) = −3
4
JmpS
√
S~
Mωλ(k)
eλ(k) · g(k), (4)
where M is the mass of the magnetic atom, ωλ(k)
and eλ(k) are the energy and amplitude of the λ
phonon on the chromium atom. The g(k) geo-
metrical factor for the Bravais lattice of magnetic
atoms is the following:
g(k) =
∑
d
dˆ sin(2pikm · d) [cos(2pik · d)− 1] ,
(5)
where the sum runs through bonds denoted by
d (where exchange striction is active). The lin-
ear coupling vanishes for non-collinear magnetic
order, because g(k) is zero for km = 0. The cou-
pled model can be solved using Bogoliubov trans-
formation and the corresponding neutron and x-
ray scattering cross sections can be calculated (see
Supplementary Materials). The inactivity of the
additional two canting spin wave modes of the he-
lical structure in the IXS spectrum can be also
explained within our model. These modes math-
ematically are related to a coordinate transfor-
mation turning the spin spiral into a ferromag-
net having a single spin wave mode (the phason
mode). Transforming back into the lab coordi-
nate system explains the two additional modes
(same dispersion with ±km momentum shift) that
can be observed by inelastic neutron scattering.
However the exchange striction is isotropic in spin
space therefore the transformation does not pro-
duce additional observable electromagnon modes.
For a full interpretation of the IXS spectrum
of LiCrO2, we start with the pure phonon spec-
trum in the paramagnetic phase determined from
ab initio calculations. The dispersion of the lon-
gitudinal phonons are shown in Fig. 1(c-d) by
black dashed lines and the full phonon spectrum
in Supplementary Fig. S8. The calculated disper-
sion relation already agrees well with the mea-
sured phonon energies showing that the magnon–
phonon coupling introduces only minor energy
shifts. The introduction of Jmp will mix the
phason and phonon amplitudes. The strongest
mixing is calculated to be between the longitu-
dinal (LA) and transverse (TA) acoustic phonon
branches of the 2D triangular planes and the pha-
son spin wave mode of the helical magnetic struc-
ture. The wave vector dependent intensity of
the IXS electromagnon signal is proportional to
g‖(k) = g(k) · kˆ which is largest along the (h, h, 0)
in reciprocal space and zero at lattice and mag-
netic Bragg points, see Fig. 1(b). It is impor-
tant to note that although g‖(k) is zero at the
K-point, the coupled dispersion is the same as at
K ′ just both g(k) and e(k) vectors are rotated
by 90◦ thus invisible for IXS. The largest mixing
amplitude is expected at Γ and K ′ in agreement
with our experimental results. Impressively, the
strong coupling causes a roton minimum of the
spin wave dispersion at K ′ downwards renormal-
ising the phason energy by 42% even though the
lowest phonon mode is 20 meV higher in energy.
To determine the parameters of the coupled
model, we fitted the experimental electromagnon
dispersions using J1 and Jmp as parameters. The
best model parameters are J1 = 6.00(25) meV
and Jmp = 65(4) meV/A˚. If fitted, an additional
second neighbour exchange interaction in the tri-
angular planes is zero within error bar. The opti-
mised model Hamiltonian describes both the cou-
6pled dispersion (see black lines in Fig. 1(c)) and
the IXS cross section (see red line in Fig. 2) very
well. Some deviation close to the Γ point is due to
the overestimation of the speed of sound from the
ab initio method. The real space dynamics of the
strong coupling at theK ′ point is visualised in Fig.
1(a). At this wave vector the longitudinal acous-
tic phonon (black arrows) shortens and lengthens
the S1 − S2 and S2 − S3 bonds, respectively. The
excited phason mode is in phase with the phonon
that makes the S1 − S2 bond stronger (J1 + δJ)
while the S2 − S3 bond weaker (J1 + δJ). Thus a
ferromagnetic fluctuation on the longer bond and
antiferromagnetic fluctuation on the shorter bond
is energetically favourable if exchange striction is
present explaining the reduction of the phason en-
ergy and the roton minimum at the K ′ point. The
S1 − S2 bond is inactive at this wave vector since
it changes neither length nor relative spin orien-
tation. The strongest electromagnon cross section
is expected close to the Γ point even though the
Hmp coupling term vanishes at Γ. This is due to
the decreasing energy separation between the LA
phonon and the phason mode towards the zone
centre.
In conclusion, we reported inelastic x-ray scat-
tering data on LiCrO2 that revealed an electro-
magnon that is the phason mode of the helical spin
order coupled to a longitudinal acoustic phonon.
We identified the exchange striction between first
neighbour chromium ions as the microscopic cou-
pling mechanism. Fitting the model parameters to
the measured electromagnon dispersion we could
reproduce both the experimental dispersion and
the dynamical structure factor for inelastic x-ray
scattering. Beside the one magnon process we also
found signature of coupling between the acous-
tic phonon branches and the two-magnon contin-
uum around the magnetic Bragg points that can
be explained by including higher order corrections
to our linear theory. In the paramagnetic phase
we observed for the first time paraelectromagnon
excitations, a heavily damped electromagnon sta-
bilised by the low dimensional magnetic correla-
tions of the 2D triangular lattice. By accessing
the momentum dependence, our results shed light
on a much richer physics of electromagnons that is
beyond the reach of THz light experiments. The
reported measurement also shows how inelastic x-
ray scattering can be used to probe magnetic cor-
relations with high energy and momentum reso-
lution in certain systems. This study will open a
route towards measuring magnetic correlations at
extreme conditions using diamond anvil cells. In-
deed, IXS can be performed with samples as thin
as 10-20 µm, which allow extending such studies
up to Mbar pressure.31 It is furthermore possible
to work with evanescent wave fields in grazing an-
gle conditions which allows surface sensitive stud-
ies, measurements on thin films and multilayer
systems.32,33
I. METHODS
A. Crystal growth
LiCrO2 single crystals for INS were grown by
the Li2O-B2O3 flux or Li2O-PbO-B2O3 flux meth-
ods for IXS and INS measurements respectively.
A typical growth was done by a mixture of Li2O,
Cr2O3, and B2O3 or with additional PbO. The
mixture was heated at 1300°C and then slowly
cooled down to 800°C or 900°C respectively.
B. Inelastic x-ray scattering
Inelastic x-ray scattering was measured on the
ID28 beamline at the European Synchrotron Ra-
diation Facility (ESRF) along the reciprocal space
direction (h, h, 0) at temperatures 295, 99, 69, 40
and 7 K using incident photon energy of 17.794
keV (λ = 0.6968 A˚) and beam size of 50 × 50
µm2. Since the sample was a thin plate perpendic-
ular to (0, 0, 1), we choose the (h, h, l) scattering
plane to minimise absorption. The ID28 instru-
mental energy resolution has a pseudo-Voigt pro-
file with 2.71(2) meV and 3.3(1) meV full width
at half maximum (FWHM) of the Gaussian and
Lorentzian components and a mixing parameter of
0.63(2). The constant momentum transfer scans
were fitted with a line shape that is the instrumen-
tal energy resolution convoluted with a Lorentzian
(all intrinsic width is given by the FWHM of the
Lorentzian in the main text) that models the finite
lifetime of the excitations. The momentum reso-
lution of the ID28 spectrometer is close to rect-
angular with 0.027 A˚−1 and 0.076 A˚−1 horizontal
and vertical width perpendicular to the momen-
tum transfer, while the longitudinal momentum
resolution is at least two orders of magnitude bet-
ter than the transverse.
C. Inelastic neutron scattering
Inelastic neutron scattering was measured on
the EIGER triple-axis spectrometer at SINQ at
the Paul Scherrer Institut (PSI) using fixed fi-
nal neutron energy of 14.7 meV, double focusing
graphite monochromator and horizontal focusing
graphite analyser. To eliminate spurious scatter-
ing a pyrolytic graphite filter was applied after
the sample. We have used a 50 mg single crystal
of LiCrO2 and performed measurements at 1.5 K.
Due to the small sample size, the spin wave signal
was only collected close to the magnetic Bragg
points along the (h, 1 − 2h, 0) direction and at
(1/2, 1/2, 0) in reciprocal space. The spin wave
7peak as a function of neutron energy transfer was
fitted with a Gaussian function.
D. Phonon calculation
Lattice dynamics calculations were performed
using the finite displacement method within den-
sity functional theory34. Distorted atomic con-
figurations were generated and the induced forces
of a x × x × x supercell were computed by total
energy calculations using Projector Augmented
Waves method as implemented in VASP35–37. A
shifted 8× 8× 8 k-point grid is used for the ionic
relaxations and the calculation of Born Effective
charges by perturbation theory38 in the primitive
unit cell. While the internal ionic coordinates
are relaxed, the lattice constant is kept fixed to
the experimental value in order to reduce the er-
ror due to unit cell volume. The valence elec-
trons treated explicitly by the VASP PAW po-
tentials are 1s22s2sp1 for Li, 3p63d54s1 for Cr,
and 2s22p4 for O. A plane wave cutoff of 500 eV,
which is 25% larger than suggested, is used and
tested to provide good convergence. PBEsol ex-
change correlation functional39,40 is employed for
all calculations. In order to account for the un-
derestimation of on-site correlations by GGA, the
DFT+U approximation41 is used with a U of 3
eV which has previously been shown to faithfully
reproduce the spin-phonon properties of Cr oxides
in the same implementation.42 Dynamical matri-
ces throughout the Brillouin zone were computed
using Fourier transformation as implemented in
Phonopy43 and non-analytical term corrections
due to finite Born charges were applied. A shifted
4× 4× 4 k-point grid has been used for sampling
the electronic structure of the primitive unit cell.
E. Magnon–phonon coupled model
The spin wave model and the coupled magnon–
phonon model was solved numerically using a
modified version of SpinW30.
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